Purine nucleoside analogs modified by replacement of the nitrogen atom at the 3 position by a CH group give a characteristic circular dichroism curve that is not substantially modified by chemical substitution at the 8 position.
molecule and its energy are at present beyond the scrutiny of any experimental technique. In aqueous solution intermolecular hydrogen bonding prevails; nevertheless the discovery of the preferred solution conformation is relevant to either the internal or the external hydrogen bonding role of N3, for the energy of the "active" conformation relative to the stable solution conformation must influence the overall kinetics and energetics of complex formation. A comparative study of the solution conformations of purine nucleosides and their 3-deaza analogs has not been made despite the obvious importance of understanding the conformational consequences of replacing nitrogen by carbon. This paper presents a preliminary report on a comparative study of the solution conformation of purine nucleosides and their 3-deaza analogs. An analysis of the circular dichroism data obtained so far shows rather conclusively that 1,3-dideazapurine nucleoside and 3-deaza purine nucleoside have strong if not exclusive preferences for the syn conformation in aqueous solution, in sharp contrast to the substantial anti population of the parent compounds. Moreover, gas phase conformations from molecular orbital calculations predict that 1,3-dideazapurine nucleoside has an intrinsic preference for the syn conformation, in contrast to nebularine (purine nucleoside), which has a slight preference for anti over syn.
A general preference of the 3-deazapurine nucleosides for the syn conformation remains to be established. However, it is known that 3-deazaadenosine is neither a substrate nor an inhibitor of adenosine deaminase (10) , that 3-deazaadenosine nucleotideis a poorer substrate for polymerase than is the parent compound (11) , and that 3-deaza-6-methylthiopurine ribonucleotide is 1/1000 as inhibitory as its parent compound (2) . These properties of the 3-deaza analogs parallel somewhat those of the 8-substituted nucleoside and it is natural to consider the same explanations for the inactivity of the 3-deaza analogs already given for the 8-substituted derivatives (15) (16) (17) (18) (19) , i.e., that substrates for certain enzymes must be present in the anti conformation. In this regard the 3-deaza analogs may prove to be useful models for assessing the hypothesis of an optimized rotamer for enzymic recognition once there is assurance that N3, per se, is not used to bind the nucleoside to the enzyme. EXPERIMENTAL Circular dichroism (CD) measurements were made using the Cary 60 spectropolarimeter with CD attachment. Ultraviolet absorption spectra were recorded on a Cary 14 spectrophotometer. All spectroscopic measurements were made at least three times in aqueous solution at absorbancies of 1.5, 2.0, and 3.0.
RESULTS AND DISCUSSION
The structures, International Union of Pure and Applied Chemistry (IUPAC) and purine-based names, numbering system used in the text, and references describing the preparation of the compounds are given in Fig. 1 . We use a purinebased naming system throughout the paper which requires, for example, the use of the name 1,3-dideazapurine nucleoside for 1-(beta-D-ribofuranosyl)benzimidazole.
The absorption spectra of purine-like chromophores consist of two broad absorption bands which lie above 260 nm and below 220 nm, the second band being severalfold more intense than the first. The first broad band system is often resolved into two distinct bands by choice of solvent, solution conditions, or by substituent effects (21) (22) (23) (24) (25) . It has also been recorded that magnetic circular dichroism (MCD) spectroscopy resolves two prominent MCD bands in the spectral region of each single broad band found in the absorption spectra (25) .
The CD spectra of the deazapurine nucleoside series have been obtained and examined in the region 320-210 nm. The CD spectra of 1,3-dideazapurine nucleoside given in Fig. 2 have a striking resemblance to the spectra of 3-deazapurine nucle- oside given in Fig. 3 . The same sign pattern and general shape of spectra which is characterized by an alternating (+,-,+,-) sign pattern are also obtained for 1,3-dideazapurine nucleoside derivatives containing chloro, dimethylamino, piperidino, and morpholino substituents at position 8. This similarity is apparent in the comparison of the CD spectra of 8-chloro-1,3-dideazapurine nucleoside with the spectra obtained on 1,3-dideazapurine nucleoside (see Fig. 2 ). The CD and absorption spectra of these two molecules have nearly the same wavelength positions and approximately the same shape and vibronic fine structure. The increase in CD intensity produced by the chloro substituent only slightly overmatches the increase in the absorption intensity. Theoretically an increase in absorbance without a change in conformation would result in a parallel increase in CD intensity for optically identical compounds. In practice, however, only approximately the same relative increase is expected because of slight differences in optical properties and the expected differences in the dispersion of the local population within the same conformational range. The more narrow conformational ranges for the 8-chloro derivative (see Fig. 4 ) leads to the prediction of larger CD intensities because of a larger fraction of the molecules' having the same CD spectrum. With these considerations in ) and 8-chloro-1-3-dideazapurine nucleoside (----.). All measurements were taken in aqueous solution at pH 7.
mind we conclude mandatorily from their similar CD properties that these two compounds are essentially conformational isomers. Since 3-deazapurine nucleoside also gives the same characteristic CD curve it must be placed in the same conformational category.
Conversely a reversed sign pattern is observed in the long wavelength spectral region of the CD spectrum obtained on purine nucleoside itself (see Fig. 3 ), indicating that the re- placement of carbon by nitrogen at position 3 may have defined a different low energy conformational state. The next step is to interpret the CD data in terms of specific molecular conformations. It is well established that 8-substituents generally have a profound effect on the syn-anti conformational equilibrium of purine nucleosides (27) (28) (29) (30) (31) . Rotations of the base around the ribose moiety, using the glycosyl bond as a pivot, gives rise to steric interactions of certain ribose hydrogens with the base substituent at the 8 position. Various experiments have been performed and interpreted showing that the 8-substituted derivatives of guanosine and adenosine are predominantly syn in aqueous solution (27) (28) (29) (30) (31) . For example, the halogenated and alkylated derivatives of adenosine and guanosine give CD profiles substantially different from those obtained on adenosine and guanosine, and since the derivatives and parent compounds are closely related electronically they must be conformationally dissimilar. The opposite observation has now been made on the 3-deaza compounds, i.e., whether substituted at position 8 or not they give the same CD profile. The conclusion forced upon us is that the 3-deaza compounds are intrinsically more stable in the syn conformation in aqueous solution.
A preference for the syn conformation by the 3-deaza compounds runs counter to expectations derived precariously from studies on space-filling molecular models, since the =CH-group appears to sterically promote anti over syn. A possible explanation governing the solution situation may be that the obligatorily unsolvated =CH-group exerts a smaller steric effect than the solvated N3 group which it replaced. Inclusion of a hydrogen bonding water molecule at N3 is seen from model studies to promote anti conformation over syn. A related explanation focuses on the restraint of the bonding electron pair of the C-H bond to a relatively smaller solid angle about the heavy atom, since the electrons when bonding are in the field of two nuclei, whereas the electrons when not bonding are more diffused and sterically active.
Additional support for the syn preference of 3-deazapurine nucleosides is obtained from the CD spectrum of purine nucleoside given in Fig. 3 . Unfortunately we cannot rigorously attribute the observed sign reversals to a syn-anti conforma- tional reversal. The rigorous optical determination of the conformation of a series of related molecular systems requires that the reference molecule and its analogs be closely related electronically. More specifically it is the character of the transition density function that determines for a specific conformational species the rotational strength of the CD band, and this character must persist strongly over the range of molecules included in the analysis. The individual characters of the first four -r 7r* transitions does persist after halogen or alkyl substitution at position 8, indicating that our analysis based on these compounds is quite definitivet. Computationally, aza substitution, especially at position 1, is a larger perturbationt t, enough so that conclusions drawn from the comparison of the CD spectra of purine nucleoside with its 3-deaza analogs are less firm. However, additional support for a syn-anti conformational shift promoted by the presence of nitrogen at position 3 can be obtained from conformational energy calculations. The iterative extended Hfickel program used recently in our study of formycin (32) gives the conformational energies versus torsion angle curves given in Figs. 4 and 5. As expected the 8-chloro derivative of i,3-dideazapurine nucleoside (which like all other 8-substituted purine nucleosides is found in the syn conformation in the crystal state) (33, §) has an energy minimum in the syn region (at about 220°of the glycosidic torsion angle) that is favored by about 7 kcal/mol (1 kcal = 4.184 kj) over the secondary minimum found in the anti region. Replacement of the chloro group by hydrogen along the same bond direction with a C-H bond length of 1.00 A does not reverse the position of the energy minimum; syn is still favored by about 3 kcal/ mol. The corresponding conformational energy curve for purine nucleoside [based on the crystal structure of 6-methyl-9-(beta-D-ribofuranosyl)purine (34) ] is given in Fig. 5 . The anti conformation is predicted to be slightly more stable, and the barriers to glycosidic rotation are greatly reduced. These results suggest that a =CH-group at position 3 does hinder free rotation about the glycosidic bond in agreement with molecular model studies, but at the same time promotes the syn conformation. These results tend to support our conclusion based on CD data of a predominantly syn conformation for the 3-deaza analogs, whether substituted at the 8-position or not. The chloro, dimethylaminot, and other bulky substituentst do little to offset the torsional state populations. In contrast, only the 8-substituted derivatives of guanosine (30) and adenosine (31) Delabar and Guschlbauer (35) have recently stated their opinion that unhindered nucleosides rotate almost freely, assuming all angles about the glycosyl bond with the relative amount of these populations changing with various conditions. Hence they claim that it is only rarely possible to associate the sign of a Cotton effect to a given conformation. The situation is by no means as bleak as these authors have painted it, as our papers (30) (including this one) on the subject clearly show. Unfortunately Delabar and Guschlbauer did not limit their empirical analysis to compounds that for a specific conformation would be perturbationally similar, for if there be any content in the perturbationally based theories of optical activity (36-38) it is clearly not an allowable tactic to infer conclusions from spectra obtained on nucleosides with large bulky groups replacing the hydroxyl groups of the carbohydrate ring. Unquestionably the magnitudes and sign of the CD bands are dependent on the contributions that these substituents make to the perturbation operator even if the conformational parameters of the ring are unperturbed (also unlikely). After all, it was established long ago in our laboratory that modifications of the sugar ring may produce changes in the CD spectra by means other than conformational changes (39) .
